Summary Recent studies suggest that NIDDMislinked with reduced fetal and infant growth. Observations on malnourished infants and studies of experimental animals exposed to protein energy or protein deficiency in fetal or early neonatal life suggest that the basis of this link could lie in the detrimental effects of poor early nutrition on the development of the beta cells of the islets of Langerhans. To test this hypothesis we have measured insulin secretion following an IVGTT in a sample of 82 normoglycaemic and 23 glucose intolerant subjects who were born in Preston, England, and whose birthweight and body size had been recorded at birth. The subjects with impaired glucose tolerance had lower first phase insulin secretion than the normoglycaemic subjects (mean plasma insulin concentrations 3 min after intravenous glucose 416 vs 564 pmol/1, p = 0.04). Insulin secretion was higher in men than women (601 vs 457 pmol/1,p = 0.02) and correlated with fasting insulin level (p = 0.04). However, there was no relationship between insulin secretion and the measurements of prenatal growth in either the normoglycaemic or glucose intolerant subjects. These results argue against a major role for defective insulin secretion as a cause of glucose intolerance in adults who were growth retarded in prenatal life. [Diabetologia (1994) 37: 592-596] Key words NIDDM, insulin secretion, fetal growth, programming.
prematurely [2] . Associations between reduced fetal growth and glucose intolerance have also been described in Hispanic Americans and in the Pima Indians [3, 4] .
Although impairment of insulin action and reduced insulin secretion are both important in the pathogenesis of NIDDM, it is not clear whether the association between early growth and diabetes is mediated by alterations in insulin resistance, defects in insulin secretion or a combination of both factors. A link between insulin resistance and fetal growth is suggested by the association between low birthweight and the development of syndrome X, the co-existence of impaired glucose intolerance, hypertension and hypertriglyceridaemia, and by a study of a subset of patients in the Preston study which showed that babies who were thin at birth were insulin resistant in adult life [5, 6] . It is not known whether insulin secretion is also determined by early growth. There is, however, considerable evidence that poor nutrition in fetal and early infant life can be detrimental to the development of the beta cells of the islets of Langerhans and that this could lead to insulin deficiency in adult life. Much of the development of the islet cells occurs in utero [7] . Growth retarded newborn infants and malnourished children have reduced insulin responses to glucose together with reduced numbers of pancreatic beta cells [7, 8] . Animal studies also show that a period of protein energy malnutrition or even protein deficiency alone imposed in fetal or early postnatal life permanently impairs the insulin response to glucose [9, 10] . Therefore to determine whether fetal growth is related to insulin secretion in adult life, we have measured insulin secretion following an IVGTT in a sample of the men and women who took part in the Preston study [2] .
Subjects and methods
In Preston a standardised record form was kept for each woman admitted to the labour ward at Sharoe Green Hospital during [1935] [1936] [1937] [1938] [1939] [1940] [1941] [1942] [1943] . The record included the baby's birthweight, placental weight, length from crown to heel, and head circumference. Weights were measured in pounds (1 pound = 0.45 kg) and lengths and head circumferences in inches (1 inch = 2.54 cm) and were often rounded. The records also included the date of the mother's last menstrual period which we used to estimate the duration of gestation. As previously described [2] we used the National Health Service Central Register to trace 393 of the singleton infants born in Sharoe Green Hospital, Preston during 1935-1943 who still live in or close to the city. After excluding six subjects previously diagnosed with diabetes, the remainder were asked to have an OGTT (based on the administration of 75-g of anhydrous glucose to subjects who had fasted overnight with 0, 30 min and 2-h sampling). Of the 266 subjects who had an OGTT, 232 were normoglycaemic (2-h plasma glucose concentration below7.8 mmol/1), 29 hadimpaired glucose tolerance (2-hplasma glucose concentration of 7.8 to 11.1 mmol/1) and 5 subjects had NIDDM (2-h plasma glucose concentration of over 11.1 mmol/1).
At the clinic the subjects' height was measured with a portable stadiometer (CMS Weighing Equipment Ltd, Camden, London, UK). Weight was measured with a SECA scale (SECA Ltd, Birmingham, UK) and waist and hip circumferences with a steel tape measure. Subjects were also asked about their smoking and drinking habits. Alcohol consumption was converted into the total number of units each week (1 unit = 10 g ethanol).
Occupation of the father was used to define social class at birth, and current social class was derived from the subject's or husband's occupation.
Because NIDDM and impaired glucose tolerance were not only associated with low birthweight but also low birthweight in relation to placental weight, which is thought to be a marker of fetal malnutrition [2] , we selected a sample from the normoglycaemic men and women in Preston whose birthweights and placental weights were spread over the range for these two variables. The sample was chosen from the three birthweight groups, ( <_ 2.9, -3.4 and > 3.4 kg) and the four placental weight groups ( < 0.45,-0.6,-0.7 and > 0.7 kg) used in our previous analyses [2, 6] . Initially 4 men and 4 women were randomly selected from each of the 12 birthweight and placental weight groups, of whom 23 declined to take part. Where possible we replaced them with other people of the same sex from the same birthweight and placental weight groups. There were insufficient numbers in some groups and the final sample therefore comprised 82 subjects (42 men and 40 women). We also asked the men and Numbers of subjects in parenthesis; Geometric standard deviation of 3-min plasma insulin ; 1.86 women found to have impaired glucose tolerance to undergo an IVGTT of whom 23 agreed. The IVGTTs were carried out between 08.30 and 11.00 hours. Subjects had fasted for 12-h overnight and had been asked to abstain from alcohol and not to smoke during the fasting period. Dextrose in a 50 % solution was administered into a large antecubital vein in a dose of 0.3 g/kg body weight over 2 min by constant infusion. Arterialised venous blood was sampled from a retrogradely cannulated vein on the dorsum of the opposite hand 0, 1, 2, 3, 4, 5, 6, 8 and 10 min from the start of the dextrose infusion. We have previously shown the 3-rain insulin concentration to be highly reproducible and this was therefore used as the measure of first phase insulin secretion [11] . To 'arterialise' the venous blood, the hand was placed in a water bath held at a constant temperature of 43 ~ for 10 min prior to the start of the infusion and kept there until the end of the study. Ethical approval for the study was obtained from the Preston District Hospital Ethics Committee and each participating subject gave informed consent.
Assays and statistical methods
Plasma glucose was measured by the hexokinase method and plasma insulin by two site immunometric assays with either 125I or alkaline phosphatase as labels [12, 13] . The interassay coefficient of variation of the insulin measurements was less than Numbers of subjects in parentheses; Geometric standard deviation of 3-rain plasma insulin = 1.86 10%. Because the first phase insulin measurements had a skewed distribution, we transformed the distribution to normality using logarithms. The reported means in Tables 1 and 2 are therefore geometric means. Trend tests were carried out by means of one-way analysis of variance.
Results
The 82 normoglycaemic subjects were aged 47 to 55 years (mean 52 years) and had a mean body mass index of 25.9 kg/m 2, a mean fasting plasma glucose of 5.5mmol/1 and a mean fasting plasma insulin of 52 pmol/1. The 23 subjects with glucose intolerancewere of a similar age (range 47 to 55 years, mean 51 years). They had a higher body mass index, 26.7 kg/m 2, higher fasting plasma glucose, 6.0 mmol/1, but similar fasting plasma insulin, 52 pmol/1. The subjects with impaired glucose tolerance also had lower birthweight than the normoglycaemic subjects (2.9 vs 3.1 kg,p --0.03) but the placental weights were similar, 0.6 kg. Table 1 shows mean insulin secretion 3 min after the administration of intravenous glucose in the normoglycaemic and glucose intolerant subjects according to measurements in the adults. The 82 normoglycaemic subjects had higher insulin secretion (mean 564 pmol/1) than the glucose intolerant subjects (mean 416 pmol/1, p = 0.04). Men also had higher secretion (601 pmol/1) than women (457 pmol/1,p = 0.02). The differences between the normoglycaemic and the glucose intolerant subjects, and between men and women remained statistically significant after adjustment for current body mass index or gender or both. Insulin secretion tended to fall with increasing age although the trend was not significant (p --0.44). Likewise there were no significant relationships between insulin secretion and body mass index (p = 0.38) or waist to hip ratio (p = 0.16). Insulin secretion correlated weakly with fasting insulin levels (p = 0.06). Insulin secretion was not associated with social class, either at birth or currently, or with smoking or alcohol consumption. We used multiple regression to analyse the simultaneous relations of glucose intolerance, sex, age, obesity and fasting insulin levels with insulin secretion. The effects of sex (p = 0.02), glucose intolerance (p = 0.01) and fasting insulin levels (p = 0.04) remained statistically significant but not age (p = 0.21) or body mass index (p = 0.83). Table 2 shows the mean 3-rain insulin concentrations following the IVGTT according to measurements of the body size at birth. In this table we have used the same divisions of birth measurements as in previous analyses of data from Preston [2, 6] . Insulin secretion was not related to birthweight in either the normoglycaemic subjects or in the subjects with glucose intolerance (p = 0.27 andp = 0.37 respectively). Neither was it related to head circumference (p = 0.55 and p = 0.43), length (p =0.44 in both groups), gestational age (p = 0.67 and p = 0.44), or placental weight (p = 0.91 andp = 0.08). In addition, there was no correlation between insulin secretion and ponderal index or the ratio of the head circumference to length, indices which we have previously used to define babies who are thin at birth or disproportionately short [2, 6] .
Discussion
We have studied the first phase insulin secretion in a group of men and women aged around 50 years whose body size at birth had been measured in detail. There was no relationship between insulin secretion and the measurements of prenatal growth in either the normoglycaemic or the glucose intolerant subjects.
Our measure of insulin secretion was the 3-min insulin concentration following the intravenous injection of insulin. We have shown that this measurement of first phase insulin release is highly reproducible [11] . In addition the first phase insulin response has been shown to correlate with both the pancreatic insulin content and beta-cell mass [14] . Consistent with the findings of other studies we found that insulin secretion was lower in the subjects with impaired glucose tolerance and was increased in more resistant individuals as indicated by a correlation between the 3-min insulin secretion and fasting insulin levels [15] [16] [17] .
The failure to show a link between reduced fetal growth and insulin secretionis unlikely to have been due to the design of the study. The 105 subjects who took part in the study were born in hospital and still live in Preston, and are therefore unrepresentative of all men and women born in the town. However, as the analysis is based on internal comparisons it is unlikely that the selection of the sample would obscure correlations between fetal growth and insulin secretion. Nor was it likely to have been a consequence of the relatively small size of the study. Statistical power calculations indicate that a study of 105 subjects would be sufficient to have 84 % power to detect a reduction of 20 % in insulin secretion for each standard deviation (0.52 kg) drop in birthweight. Another possible explanation is that the pancreatic beta cells may hypertrophy in response to an increased demand for insulin with obesity and insulin resistance. The pattern of insulin secretion would then be determined by insulin resistance thereby obscuring associations with early growth patterns. This hypothesis is supported by our data which shows associations between insulin secretion and fasting insulin levels, reflecting insulin resistance, although these associations were relatively weak accounting for less than 5 % of the variance in insulin secretion. The problem of insulin resistance obscuring relationships between early growth and insulin secretion could be overcome by studies of younger subjects and it is, therefore, of interest that in a study of young men aged 21 years we found that the 30-min insulin concentration during an OGTT was related to birthweight [18] . However, there is no apparent explanation for the very large differences in insulin secretion observed between individuals in the present study. They do not appear to be explained by differences in nutrition and growth in early life as measured by the anthropometric measurements to which we have access.
Our results are also at variance with previous studies showing that fetal or infant malnutrition in experimental animals or humans is associated with reduced insulin secretion [8] [9] [10] . However, these reports were based on severe protein or calorie undernutrition during pregnancy or in infancy or on the study of very low birthweight infants and are unlikely to have been typical of the conditions in Preston during [1935] [1936] [1937] [1938] [1939] [1940] [1941] [1942] [1943] . Nevertheless these studies do suggest that defects in insulin secretion could explain the links between reduced early growth and diabetes in adult life in human populations where malnutrition is very prevalent.
Together with the recently described association between insulin resistance and thinness in early life [6] , our observations are evidence that in affluent western populations, the increased prevalence of diabetes in adults who were growth retarded during fetal life is mediated by increased insulin resistance rather than by abnormalities of insulin secretion.
